1) Characterization of gold nanorods:
We purchased the gold nanorods (AuNRs) used in this study ( Fig. S1A ) from NanoSeedz in aqueous cetrimonium bromide (CTAB, 0.1 M) buffer. These nanorods were originally synthesized using the standard seed-mediated growth method. This yielded singlecrystalline nanoparticles with an average length of 80±5 nm and an average width of 40±3 nm. (Fig. S1B) The CTAB coating on the AuNRs resulted in a positively charged surface with a zeta potential of 42±5 mV (Zetasizer Nano ZS90, Malvern). The extinction spectrum of the AuNRs in solution was obtained using a customized spectrophotometer. 1 The resonance peak wavelength of the AuNR lays around 626 nm, in congruence with the simulation results as shown later in Section 7. 
2) Gold nanorod microarray fabrication:
Prior to the AuNR microarray fabrication, we constructed a microfluidic flow-patterning mask layer made of PDMS using soft lithography. The mask layer contains multiple sets of parallel microfluidic channels for patterning the AuNR microarrays. Specifically, we Systems, Allenton, PA). The mold surface was silanized with (tridecafluoro-1,1,2,2,tetrahydrooctyl)-1-trichlorosilane vapor (United Chemical Technologies) for 1 hour in vacuum to facilitate subsequent PDMS release. We next poured PDMS prepolymer (Sylgard-184, Dow Corning), prepared by thoroughly mixing a curing agent with a base monomer (wt : wt = 1 : 10), onto the silicon mold and cured it in an oven at 110°C for 4
hrs. The cured PDMS mask layer was then peeled off from the mold to form a microfluidic flow-patterning layer. The layer was cut into multiple pieces, each holepunched to create inlets and outlets for its channels in further use. Figure S2 . Schematic of the LSPR microarray chip patterning process that entails glass pretreating, AuNR deposition, and antibody function. The nanorod microarray fabrication was performed using a one-step microfluidic patterning technique assisted by electrostatic attractive interactions between the nanorods and the substrate surface within the microfluidic flowpatterning channels of the PDMS mask layer. Specific antibodies were conjugated to the patterned AuNR microarrays using thiolated crosslinker and EDC/NHC chemistry. Immediately after the surface treatment, one of the microfluidic flow-patterning PDMS mask layer pieces prepared above was non-permanently bonded onto each glass substrate.
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We then loaded 2 µL of AuNR solution into each channel at a flow rate of 1 µL/min and incubated overnight. The inlets and outlets were sealed with a cover glass to prevent evaporation and avoid dry-out of the AuNR solution during incubation. After the incubation, we washed all the channels with 100% ethanol to remove unbound AuNRs. This resulted in formation of AuNR microarray patterns on the regions
of the glass surface covered by the channels. The SEM images in Fig. S3 show that the resulting surface density of AuNRs on each microarray is around 1 particle per 2.56 µm 2 .
3) Gold nanorod microarray functionalization:
After constructing the AuNR microarray patterns on the glass substrate, we functionalized them within the microfluidic flow-patterning channels constructed above by forming a self-assembled monolayer (SAM) through simple ligand exchange. 2 A stock solution of thiolated alkane 10-Carboxy-1-decanethiol (HS-(CH 2 ) 10 -COOH) was diluted to 1 mM in 100% ethanol and flown through the patterning channel on the glass substrate.
The stronger affinity of the thiol anchor group with the gold surface enabled the thiolated alkane to replace the CTAB coating and serve as a linker to probe antibodies. Here, the thiol anchor group would preferably replace the exposed CTAB groups remaining on the During all the process steps, we loaded the reagent solutions using a syringe pump (LEGATO210, Kd Scientific) at 1 µL/min. Between every step, the AuNR microarray surface was thoroughly washed to remove any excessive solutions or molecules using 20 µL of 1x PBS at 3 µL/min.
(4) Optical setup and LSPR microarray imaging measurement:
Following the AuNR microarray antibody functionalization process, we removed the PDMS mask layer from the glass substrate and immediately replaced it with another PDMS layer with sample-flow microfluidic channel arrays. This new PDMS layer was fabricated following the same procedure as described for the construction of the PDMS microfluidic flow-patterning mask layer in supporting information Section 2. During the process of assembling our assay chip, we bonded the new PDMS layer onto the glass substrate such that the sample-flow channel arrays (200 µm (W) x 2.5 cm (L) x 50 µm (H)) were placed perpendicular to the LSPR microarray stripes. We subsequently mounted the constructed microarray assay chip on a motorized X-Y stage (ProScanIII, Prior Scientific, Rockland, MA), manually loaded a sample of ~5 µL into each of the onchip flow channels using a pipette, and performed automated image scanning at a rate of 180 sensing spots/min. Figure S4 shows the system setup by which we detected and imaged the AuNR microarray arrays based on a dark-field LSPR imaging technique. induced an increase in the scattering rate of light within a certain spectral band as well as a red shift in the LSPR peak (630 nm for our AuNRs as shown in Figure 1S ). We used a band pass filter (610-680 nm) to capture the maximum intensity increase observed for the microarrays during analyte surface binding. We obtained the images of microarrays with the EMCCD camera and recorded them using NIS-Element BR analysis software. A customized Matlab program was used to analyze and quantify the scattering intensity shift for each microarray pattern. The region of interest was automatically selected through an edge detection/background subtraction algorithm, and then the raw data of each pixel was read out and processed.
5) Electromagnetic-field optical simulation on a single gold nanorod upon local refractive index change:
In order to theoretically estimate the limit of detection of the LSPR microarray measurement, we first performed a finite difference time domain (FDTD) simulation and predicted the scattering efficiency on a single AuNR using commercial multi-physics simulation software, COMSOL. Our simulation used the dimensions of the AuNR that were determined by the results of our material characterization in Section 1 of Supplemental Information (40nm in diameter, aspect ratio: 2). The plasmonically decoupled AuNR arrangement in the fabricated microarray patterns (Figure 1 in the main text) allowed us to focus our attention to the LSPR behavior of the single AuNR, which significantly simplified our simulation. The frequency-dependent complex permittivity of gold was derived from the Lorentz-Drude model. 4 The far-field domain was defined as a spherical shell surrounding the AuNR with a radius identical with half the wavelength of incident light. As the boundary condition of the simulation, we set a perfectly matched layer of thickness identical to half the incident light wavelength on top of the surface of the far-field domain spherical shell, where the intensity of scattering light from the AuNR exponentially decays. We set the wave vector and electric field polarization of the incident light to be perpendicular and parallel to the orientation of the AuNR, respectively. This excited the longitudinal resonant mode of the AuNR in the simulation. The mesh size was set to be 1 nm on the AuNR surface and no larger than 1/10 of the studied wavelength elsewhere (Fig. S5A ). We then calculated the spatial distribution of the electromagnetic field on the far-field plane at varying frequencies with and without the presence of the AuNR to determine the intensity of scattering wave from the AuNR, I AuNR , and the background signal intensity, I backgound . The scattering cross section C scs of the AuNR can be determined by integrating the intensity of scattering wave over the surface of the far-field plane Ω as
and will later be used for our calculation of the limit of detection.
It is worth noting that our simulations only considered the longitudinal resonant mode along the longer axis of the AuNR. In fact, the excited electromagnetic response from a randomly orientated AuNR generally consists of a net contribution from both the longitudinal and transverse modes on the AuNR. However, the transvers mode peak of our AuNR at 522 nm is much weaker than its longitudinal mode peak at 626 nm according to the extinct spectral measurement in Fig. S1C . Furthermore, the full width of half maximum (FWHM) of the longitudinal mode is as narrow as 53 nm. (These values are consistent with our simulation predicting a resonance peak at 625 nm with a FWHM of 52 nm.) Thus, the contribution of the transverse mode to potential spectrum broadening and shift is negligible, justifying the following simulations not including the transvers mode. Next, a simulation was performed to predict how protein binding would enhance LSPR by mapping the spatial distribution of the normalized local electric field intensity (|E y | 2 /|E 0 | 2 ) near the surface of a bare AuNR (Fig. S5B and S5C) , where |E y | 2 is the intensity of the y-component of the local field and |E 0 | 2 is the field intensity of the incident light. We also simulated the spectral shift of light scattered from the AuNR due to protein binding. Our simulation modeled protein binding as formation of a uniform dielectric layer on an antibody-functionalized AuNR surface, which was assumed to cause the near-surface refractive index value to change from 1.33 (water) to 1.5 (hydrated protein). 5 The protein attached to the AuNR surface can be either the analyte or the probe antibody used in our study. The simulation was performed with the thickness of the protein layer ranging from 0 to 10nm with a 2nm increment. Comparing Fig. S5B and Fig.   5C , we learn that coating the AuNR with a 10nm-thick protein layer is predicted to yield a notable enhancement of |E y | 2 /|E 0 | 2 . Figure S5D shows a set of the scattering light spectra of the AuNR coated with the protein layer of varying thickness.
6) Theoretical prediction of the detection limit of the LSPR microarray measurement:
The simulation in Section 5 of Supplemental Information predicts a noticeable spectral red-shift as well as an intensity enhancement for scattering light from the AuNR at a larger protein coating thickness (Fig. S5D) . Here, the scattering light intensity is the LSPR signal that we directly observe in our measurements. Using the simulation approach above, we further calculated the quantitative values of the spectral shift and intensity variation of the LSPR signal induced by analyte binding on a single AuNR. The antibody conjugation of the AuNR in our assay was assumed to form a uniform layer of closely packed antibody molecules with a thickness of 7 nm and a refractive index of 1.5. 6 Furthermore, we assumed a theoretical volume called the "sensing volume" on top of the antibody layer (inset of Fig. S6 ). The thickness of the sensing volume is equivalent to the effective diameter of the analyte molecule (typically 3.4 nm for cytokines). 6 In our model, the refractive index of the sensing volume layer was also set to be 1.5 when the volume was fully occupied by the analyte molecules. The LSPR signal variation ΔI due to surface binding of a single analyte molecule is then given by:
where ∆RI is the refractive index change in the volume of the sensing volume V s , which was described above, V a is the volume of the single analyte molecule, and ΔS is the experimentally observed signal difference between before and after loading the analyte molecules onto the AuNR surface. More specifically, ΔS is the analyte adsorptioninduced LSPR peak wavelength shift, given by ∆ =
where Δλ p is the resonance peak shift, and RIU is the refractive index unit (=1). ΔS is the analyte adsorption-induced LSPR intensity (i.e., scattering intensity) shift, given by
for the intensity-based imaging measurement, where
is the integration of the change in the scattering cross section ΔC scs after the analyte loading over λ = 610-680 nm, which is the optical filter band used in this study (grey area in Fig. S5D ).
Here, ΔC scs is derived from Eq. (1) in Section 7 of Supplementary Information.
For a given analyte concentration of [A] in the flow channel, the probability of the analyte binding event on the single AuNR surface, θ, can be estimated using Hill-Langmuir isotherm as: 7
where K d is the binding constant determined at the equilibrium dissociation state between the antibody and its engaging antigen, K A is the ligand concentration producing half occupation, and n is the Hill coefficient. Alternatively, θ represents the ratio of the number of occupied binding sites over the total number of sites available for analyte binding.
The total analyte binding sites on a single AuNR particle N S is given by
where R Au and R anti are the radii of the AuNRs and the antibody, respectively, and L Au is the length of the AuNRs. Assuming the AuNR deposition density per unit area within the detection channel to be D, the overall signal intensity change ∆I A collected from the microarray sensing area can be calculated by:
The LOD of the analyte for LSPR microarray can then be determined when the signal change equals to the system signal uncertainty, = !"! ! + !"# ! , where U syi is the uncertainty due to the detection system and U fit is the uncertainty due to the peak fitting when gathering the scattering spectrum. Therefore, we can obtain:
Combining Eq. (2) and (5) allows us to analytically estimate the LOD of LSPR microarray as:
To estimate the sensitivity improvement of our LSPR microarray over the conventional spectrum-based LSPR measurement, we quantified the signal-to-noise ratio upon an analyte binding event using first order Langmuir equation in Eq. (7) . The total available binding sites on one single AuNR (40 nm (W) × 80 nm (L)) can be calculated to be ~361. In an extreme case where the AuNR surface is fully occupied, the spectrum shift (∆λ) is 5.1nm and the scattering cross section change (∆C scs ) integrated from 610nm to 680nm is 7.2% as shown in Figure S6 . Figure S6 . Calculated scattering spectrum peak wavelength (alternatively, scattering cross section normalized by the value for a bare AuNR surface) as a function of the thickness of protein layer covering the AuNR surface, r. The inserted figure shows the antibody shell layer (green) at 0 < r < 7 nm and the analyte shell layer (red) at 7 < r < 10 nm. From the plot, the spectrum shift (∆λ) and scattering cross section change (∆Cscs) were calculated for the maximum value of r, where a 3nm-thick analyte layer is formed on the antibody-coated AuNR.
According to the most recent study using a spectrum-based nanorod LSPR biosensor, 8 
Thus, we estimate that our technique reduces the LOD by a factor of ~10 as compared to the conventional LSPR detection scheme.
7) AuNR microarray intensity and LSPR microarray signal variance
We characterized the structural variance across the AuNR microarrays deposited on a common glass substrate from scanned dark-field images taken for their calibration measurements (Fig. S7A ). The upper panel in Fig. S7A shows the line intensity profile of 24 consecutive AuNR microarrays on the same chip. The image data indicate an average intensity of ~ 21,000 with a coefficient of variance (CV) around 8% across all the microarrays. It reveals the consistency of our fabrication technique in producing microarray stripes with good array-to-array structural uniformity. Such uniformity allowed us to obtain a CV of ~7% or lower across calibration data points taken for 10 microarray stripes on the same chip at a given analyte (TNF-α) concentration (Fig. S7B) .
The result verified the high reproducibility and accuracy of our LSPR microarray measurements using these microarrays. 
8) System uncertainty and limit of detection of LSPR microarray
In order to characterize the uncertainty and limit of detection of our LSPR microarray system, we performed a control experiment measuring the variance of the background signal with antibody-conjugated AuNR microarrays with no cytokines loaded. The average system uncertainty was calculated to be ~0.11%, which was determined by the minimum distinguishable signal equivalent to a confidence factor set to be 3 times the standard deviation of the background noise (σ). The detection limits of the target cytokines were thus obtained from 3σ/k slope , where k slope is the slope of the regression of the calibration curves using sigmoidal curve-fitting. Table S1 . The LOD's of target cytokines were determined from the minimum distinguishable analytical signal defined by 3σ/k slope. , where σ is the standard derivation of the LSPR microarray signals from blank samples, and k slope is the regression slope obtained from the calibration curves using sigmoidal curve-fitting.
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